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Abstract 
The anterolateral ligament (ALL) has recently been of interest due to the belief that it plays a 
role in controlling anterolateral rotational laxity. However, the relationship of the ALL and 
its attachment to the lateral meniscus has yet to be addressed. Firstly this investigation 
determined the effect that sectioning the ALL and lateral meniscus posterior root (LMPR) in 
an ACL deficient knee has on internal rotation. Secondly this research determined if 
differences exist in the mechanical properties of the supra- and infra- meniscal fibers of the 
ALL. The ALL was found to control internal rotation at higher degrees of knee flexion, while 
the LMPR acted closer to extension and the infra-meniscal fibers were shown to be stronger 
and stiffer than the supra-meniscal fibers. These findings suggest that the ALL and LMPR 
work together to limit internal rotation, and there is a biomechanical difference within 
sections of the ALL.  
 
 
Keywords 
Anterolateral ligament, lateral meniscus posterior root, anterolateral rotational laxity, supra-
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Chapter 1  
1 General Introduction 
1.1 Epidemiology of Knee Injuries 
The knee is a very complex structure, and therefore injuries are common and often 
debilitating. Traumatic injuries of the knee, such as anterior cruciate ligament (ACL) 
ruptures and meniscal tears, result in approximately 50,000 surgeries annually in Canada 
(McRae, Chahal, Leiter, Marx, & Macdonald, 2011) at a cost of approximately $300 
million (CAD) per annum (Canadian Institute for Health Information, 2014; McRae et 
al., 2011). These injuries also commonly lead to chronic disabilities, such as post-
traumatic osteoarthritis (50% of patients) (Racine & Aaron, 2014) or persistent post-
operative problems such as anterolateral laxity (32% of patients) (Kocher et al., 2004; 
Sonnery-Cottet et al., 2015). Given the burden these injuries place on the economy and 
health care system, and the effect they have on the quality of life for patients, the research 
described in this thesis explores areas that will contribute to minimizing this problem.  
Despite advances in intra-articular ACL reconstruction, some patients are still left with a 
knee that is unable to control normal rotatory limits, so recently, surgeons have been 
performing a combined intra-articular and extra-articular ACL reconstruction when 
anterolateral laxity is present to help fix this problem (Sonnery-Cottet et al., 2015). The 
extra-articular part of the procedure involves reconstructing or reinforcing the 
anterolateral capsule or ligament of the knee to help restore normal rotatory limits 
(Sonnery-Cottet et al., 2015).  
1.2 The Knee Joint 
The knee joint is a large synovial hinge joint that forms a weight bearing articulation 
between the femur and tibia (Drake, Vogl, & Mitchell, 2010). While the fibula does not 
contribute to the knee joint, it sits in close proximity to it, and functions as an attachment 
point for important stabilizers of the knee. The patella also sits in close proximity to the 
femur to form the patellofemoral joint which contributes to the formation of the knee 
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joint (Drake et al., 2010). The movements of the knee joint are complex, but as a hinge 
joint it primarily permits flexion and extension, as well as some internal and external 
rotation and a small amount of varus and valgus movement (Drake et al., 2010). Within 
the knee joint sit two fibrocartilaginous menisci that move and accommodate the articular 
surfaces of the femur and tibia while being anchored centrally to the tibial plateau (Drake 
et al., 2010). The knee is stabilized by a complex interaction of dynamic and static 
stabilizers. Muscles of the thigh provide dynamic stability, primarily the extensors 
(quadriceps) and the flexors (hamstrings) (Drake et al., 2010). The knee is passively 
stabilized by the shape of the articular surfaces of the femur and the tibia and by two 
extra-articular collateral ligaments on the side of the knee, and two strong intra-articular 
cruciate ligaments (Drake et al., 2010). The two collateral ligaments are the lateral 
collateral ligament (LCL) that runs from the lateral femoral epicondyle to the head of the 
fibula and the medial collateral ligament (MCL) that originates on the medial femoral 
epicondyle and inserts onto the medial tibial condyle. These structures are responsible for 
preventing varus and valgus movements of the knee respectively (Drake et al., 2010). The 
two cruciate ligaments are the anterior cruciate ligament (ACL) that runs posterolaterally 
from the anterior tibia to the lateral femoral condyle and the posterior cruciate ligament 
(PCL) that runs anteromedially from the posterior tibia to the medial femoral condyle, 
and are involved in preventing anterior and posterior displacement of the tibia relative to 
the femur (Drake et al., 2010). The articular cavity is enclosed by a fibrous membrane 
known as the joint capsule, and additional reinforcement of the anterolateral capsule is 
provided in part by the Iliotibial Band (ITB), a lateral thickening of the deep fascia of the 
leg that inserts on the tibia (Drake et al., 2010). 
Recently, a structure known as the anterolateral ligament (ALL) has been described as a 
ligament capable of supporting the anterolateral joint capsule (Claes et al., 2013; Vincent 
et al., 2012). This structure was previously described by Segond (1879) who noted a 
resistant fibrous band of tissue that was implicated in avulsion fractures of the 
anterolateral tibia (Segond, 1879). Over the last 130 years, many terms have been used to 
describe the ligament such as: mid-third lateral capsular ligament (Hughston, Andrews, 
Cross, & Moschi, 1976), lateral capsular ligament (Dietz, Wilcox, & Montgomery, 1986; 
Johnson, 1979; Patella, Bernardi, Moretti, Pesce, & Simone, 2002), anterior slip of lateral 
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collateral ligament (Fulkerson & Gossling, 1980), Capsulo-osseous layer of the IT band 
(Terry, Norwood, Hughston, & Caldwell, 1993), anterior oblique band (Campos et al., 
2001; Irvine, Dias, & Finlay, 1987), and most recently, the term anterolateral ligament 
introduced by Vieira et al., (2007).  This specific structure is of particular interest given 
the important role it is thought to play in controlling knee stability and will be discussed 
in great depth throughout this literature review. 
1.3 Anatomy of the Anterolateral Ligament 
1.3.1 Origin and Insertion 
The ALL has been defined as a ligament distinct from the joint capsule that originates 
from the lateral femoral epicondyle and runs anteroinferiorly to insert on the lateral 
aspect of the tibia, midway between Gerdy’s tubercle and the fibular head approximately 
5-11mm below the tibial plateau (Figure 1) (Caterine, Litchfield, Johnson, Chronik, & 
Getgood, 2014; Claes et al., 2013; Dodds, Halewood, Gupte, Williams, & Amis, 2014; 
Helito et al., 2013). However, specificity and consistency of the origin on the femur with  
Figure 1 Anatomical drawing of the ALL. ALL, 
anterolateral ligament; LCL, lateral collateral 
ligament; GT, Gerdy’s tubercle; LFE, lateral femoral 
epicondyle; PT, popliteal tendon; PFL, popliteo-
fibular ligament. a) Knee in extension; b) Knee in 
flexion (Claes et al., 2013). 
 
A B 
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respect to the lateral collateral ligament has been described with some variability. For 
example, some research has indicated that the ALL originates posterior and proximal to 
the origin of the LCL (Caterine et al., 2014; M. I. Kennedy et al., 2015; Kosy, Soni, 
Venkatesh, & Mandalia, 2016; Runer et al., 2015), while others have described it as 
originating anterior and distal to the origin of the LCL (Claes et al., 2013; Pomajzl, 
Maerz, Shams, Guettler, & Bicos, 2014; Vincent et al., 2012). In addition, others have 
described the ALL as originating strictly anterior to the origin of the LCL (Tavlo, Eljaja, 
Jensen, Siersma, & Krogsgaard, 2015), or a split between posterior-proximal and 
anterior-distal to the origin of the LCL (Bonasia, D’Amelio, Pellegrino, Rosso, & Rossi, 
2015; Kosy et al., 2016; Rezansoff et al., 2014). The trend in the literature seems to be 
that older studies describe the ALL origin as being anterior and distal to the LCL while 
more recent studies are more likely to describe the ALL origin as originating posterior 
and proximal to the LCL.  
Conversely, the insertion of the ALL onto the tibia is much more consistent with a 
general agreement that it inserts between Gerdy’s tubercle and the fibular head (Campos 
et al., 2001; Caterine et al., 2014; Cianca, John, Pandit, & Chiou-Tan, 2014; Claes et al., 
2013; Dodds et al., 2014; Helito et al., 2013; Helito, Demange, et al., 2014; Patella et al., 
2002; Rezansoff et al., 2014; Van der Watt et al., 2015; Vieira et al., 2007; Vincent et al., 
2012), with the insertion point sitting closer to the fibular head than Gerdy’s tubercle 
(Kosy et al., 2016). 
1.3.2 Attachment to the Lateral Meniscus 
In early descriptions of the ALL, its attachment points were discussed as being only the 
femur and the tibia. Recent evidence however, suggests that the ALL attaches directly to 
the lateral meniscus (Caterine et al., 2014; Claes et al., 2013; Helito et al., 2013, 2016; M. 
I. Kennedy et al., 2015; Kosy et al., 2016), with only two papers in opposition to that idea 
(Dodds et al., 2014; Runer et al., 2015). Of the two papers that oppose the idea of a 
meniscal attachment, Runer et al., (2015) suggests the meniscal attachment comes from 
the joint capsule, however embalmed specimens were used as opposed to fresh-frozen 
which may have altered the appearance of the tissue, and Dodds et al., (2014) concedes 
that there are branching attachments from fibers deep to the ALL that run to the lateral 
5 
 
meniscus, likely describing the bifurcation of the ALL. An anatomical attachment seems 
likely since when the lateral meniscus is pulled in a certain direction, the ALL responds 
by moving in the same direction (Caterine et al., 2014). By attaching to the meniscus, the 
ALL has two attachment sites: one on the lateral meniscus and one on the tibia (Helito et 
al., 2013; Van Dyck et al., 2016). This attachment to the meniscus results in a division of 
the ALL into two parts: a meniscofemoral / supra-meniscal segment, and a meniscotibial 
/ infra-meniscal segment (Claes et al., 2013). The anatomical specifications of the 
meniscal attachment have recently been examined with the ALL insertion shown to occur 
between the anterior horn and body of the meniscus, at approximately 36-42% of the 
meniscus’ circumference (Helito et al., 2016). Investigation with magnetic resonance 
imaging (MRI) reveals that the meniscal attachment has been organized into four 
subgroups: complete (the ALL attaches to the full thickness of the lateral meniscus), 
central (the superior and inferior edges of the lateral meniscus were bare), bipolar (only 
the superior and inferior edges had an attachment), and inferior-only (the inferior edge of 
the lateral meniscus was the only place an attachment occurred) (Kosy, Mandalia, & 
Anaspure, 2015).  
1.3.3 The Anterolateral Ligament’s Fibers and Relationships to 
Other Structures 
With the renewed interest in the ALL, there has been considerable debate regarding the 
true nature of the ALL. Over the past few years the ALL has been identified as a distinct 
ligamentous structure in 18 of 19 studies (Van der Watt et al., 2015) while also being 
likened to a thickening of the joint capsule (Caterine et al., 2014; Kosy et al., 2016) but 
still being discernible from the anterolateral joint capsule (Claes et al., 2013; Dodds et al., 
2014; Zens, Feucht, et al., 2015). The proximal fibers of the ALL origin fan out and 
integrate with the LCL’s proximal attachment (Caterine et al., 2014; Claes et al., 2013; 
Dodds et al., 2014; Parsons et al., 2015), and the medial fibers of the ALL are also in 
close relation to the fibers of the popliteal tendon (Figure 2) (Vincent et al., 2012). 
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1.3.4 Histology of the Anterolateral Ligament 
Histological analysis of the ALL has shown that the collagen is organized dense 
connective tissue, which is characteristic of ligamentous structures (Caterine et al., 2014; 
Guenther et al., 2015). The ALL is composed primarily of Type I collagen that is 
responsible for providing strength and resistance to loading (Macchi et al., 2015; Ross & 
Pawlina, 2006). Furthermore, minor amounts of Type III (that forms reticular, supportive 
fibers) and Type VI collagen (that contributes to the formation of the cartilage matrix) are 
also found in the ALL (Macchi et al., 2015; Ross & Pawlina, 2006). The pattern of 
collagen arrangement in the ALL is consistent with other ligaments, and 
immunohistochemistry has identified a prominent network of peripheral nerves, 
indicating a possible role in proprioception (Caterine et al., 2014; Vincent et al., 2012). 
The ALL is clearly distinguishable from the lateral joint capsule, as the joint capsule 
resembles loose connective tissue (Caterine et al., 2014). The ALL’s bony insertion is 
distinct, and the femoral insertion of the ALL displays a transition from ligament, to 
mineralized cartilage, to bone that is characteristic of ligamentous tissue (Caterine et al., 
Figure 2 Intra-articular axial view of the ALL and the popliteal 
tendon attaching to it. 
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2014). Finally, histological analysis of sections of the ALL and lateral meniscus confirm 
that the ALL adheres to the lateral meniscus without a cleavage plane, and some fibers do 
in fact insert into the meniscus (Vincent et al., 2012). 
1.3.5 Morphological Dimensions of the Anterolateral Ligament 
A recent systematic review of the anatomy of the ALL suggests that the ALL has a 
relatively consistent length with a range of 34.1-45mm (Kosy et al., 2016; Van der Watt 
et al., 2015). The width of the ALL superior to the meniscus ranges from 5.1-8.3mm, 
while the width inferior to the meniscus ranges from 8.9-12.2mm (Macchi et al., 2015; 
Van der Watt et al., 2015). Although thickness values have been recorded, there has been 
a lack of identification regarding where those measurements were taken along the ALL’s 
length. This has resulted in variable values ranging between 0.87-2.7mm (Claes et al., 
2013; Dodds et al., 2014; Helito et al., 2013, 2015; Kosy et al., 2016; Vieira et al., 2007; 
Vincent et al., 2012).  
1.3.6 Prevalence of the Anterolateral Ligament 
To date, there is no consensus regarding the prevalence of the ALL due to some of the 
discrepancies in the classification of the ALL’s origin and how the ALL is defined as a 
structure. In a systematic review of anatomical dissection papers, the prevalence of the 
ALL was found to be 96% (Van der Watt et al., 2015), with some anatomical dissection 
papers reaching a prevalence of 100% (Caterine et al., 2014; Helito et al., 2013; M. I. 
Kennedy et al., 2015). However, some biomechanical papers have stated a prevalence of 
78% (the authors acknowledged finding an ALL in 100% of cadavers, however it was 
determined to have a highly variable appearance and only be well-defined in 78% of 
knees), while others have reported it as low as 43% (Saiegh et al., 2015; Tavlo et al., 
2015). MRI studies have not provided additional consistency, with one study identifying 
an ALL in 94% of MRIs, all presenting with a meniscal insertion (Kosy et al., 2015), 
while a different MRI study identified an ALL in only 51% of MRIs and no meniscal 
insertions were identified (Taneja et al., 2014), despite both studies using 1.5T scanners 
and 3mm slice thickness. One explanation for the discrepancy in prevalence is that some 
specimens (or patients in the MRI studies) with a lower prevalence percentage may have 
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had a previous knee injury that made the ALL difficult to positively identify (Kosy et al., 
2015). This was supported by an anatomical follow up study, which identified the ALL in 
91% of specimens, and the only specimen it was not found in was a knee that did not 
have an intact ACL, indicating that the ALL was likely damaged along with the ACL 
(Kosy et al., 2016) 
1.4 Anatomy of the Lateral Meniscus 
1.4.1 Attachments of the Lateral Meniscus 
The meniscus is composed of five distinct parts: a body, an anterior horn, a posterior 
horn, an anterior root and a posterior root. The body makes up over half of the 
fibrocartilaginous disc that tapers into the anterior and posterior horns. From the horns, 
the respective roots extend out to anchor the meniscus to the tibial plateau (Drake et al., 
2010). The anterior root of the lateral meniscus inserts on the anterior intercondylar crest 
of the tibia, and sits lateral to the ACL, with which its fibers partially blend (Brody, 
Hulstyn, Fleming, & Tung, 2007). The lateral meniscus posterior root (LMPR) inserts on 
the posterior or horizontal part of the intercondylar area of the tibia, sitting just posterior 
to the posterolateral bundle of the ACL (Figure 3) (Brody et al., 2007; Koenig, Ranawat, 
Figure 3 Superior view of an anatomical drawing showing the 
lateral meniscus (LM), anterior root (long white arrow), posterior 
root (short white arrow) ACL (asterisk), PCL (P) meniscofemoral 
ligament (black arrowhead) and transverse genual ligament (white 
arrowhead). (Brody et al., 2007). 
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Umans, & Difelice, 2009). However, recent research reveals that the insertion of the 
LMPR may be somewhat variable, and an MRI investigation revealed that 76% of knees 
presented with two LMPR attachment sites, with the major attachment inserting 
posteromedial to the ACL attachment, and the minor attachment inserting on the 
posterior slope of the lateral tibial tubercle (You, Park, Park, Jin, & Ryu, 2014).  
1.4.2 Relationships to Other Structures 
The lateral meniscus is in close proximity to the popliteal tendon and the meniscofemoral 
ligament which attach to the lateral meniscus (Brody et al., 2007) and are difficult to 
resect from their attachments in some cases. The border of the lateral meniscus attaches 
to the fibrous joint capsule except at the popliteal tendon hiatus (Brody et al., 2007). This 
capsular attachment is much less firm compared to the capsular attachment of the medial 
meniscus, and the attachments from the lateral meniscus to the tibial plateau are also 
much weaker on the lateral side than the medial side (Musahl et al., 2010). This suggests 
that the lateral meniscus is not as securely anchored as the medial meniscus, therefore it 
cannot produce as great of a ‘wedge-effect’ to help resist anterior tibial translation 
(Musahl et al., 2010) 
1.5 Function of the Anterolateral Ligament 
1.5.1 Role in Internal Rotation vs. Anterior Translation 
The anterolateral structures of the knee play a crucial role in restraining internal rotation 
and anterior translation, and it comes down to a complex interaction between the ALL, 
Iliotibial Band (ITB) and anterolateral capsule that all work together (Sonnery-Cottet et 
al., 2015; Zens, Feucht, et al., 2015). Although the ALL has been recognized as a 
ligamentous structure (Caterine et al., 2014; Patella et al., 2002; Van der Watt et al., 
2015; Vieira et al., 2007), the functional role of the ALL is not fully understood. Early 
research hypothesized that the ALL played a role in stabilizing the knee (i.e. limiting 
excessive movement or laxity) in internal rotation (Claes et al., 2013), and anterior tibial 
translation (Vincent et al., 2012) but with few specifics regarding the extent of its 
contribution. More recently, it has been hypothesized that the ALL acts as a secondary 
stabilizer of the ACL to help limit anterolateral rotation of the tibia with respect to the 
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femur (Rezansoff et al., 2014), thereby reducing rotational laxity (Dodds et al., 2014). 
However, the resistance to internal rotation provided by the ALL was not found to be 
consistent throughout knee flexion and was most significant between 30° and 90° of 
flexion (Claes et al., 2013). While the ALL has been suggested to limit rotation of the 
knee, it is unlikely to be a primary stabilizer as the tensile strength of the ALL is lower 
than would be expected with a primary stabilizer (Zens, Feucht, et al., 2015). However, 
due to the role that it is suggested to play in contributing to rotational stability, 
irrespective of it being a primary or secondary stabilizer, persistent knee laxity after ACL 
reconstruction may partially be attributed to unrepaired damage to the ALL (Monaco et 
al., 2012; Sonnery-Cottet et al., 2016). 
There are no definitive guidelines with respect to what movements the ALL acts to 
restrain, but the general trend of the literature indicates that it plays a larger role in 
controlling internal rotation than anterior translation. Parsons et al., (2015) carried out a 
serial sectioning study on the ALL and ACL, but they randomized the order of 
sectioning, and calculated the percentage force contribution that each ligament provided 
by dividing the magnitude of the force vector by the magnitude of the intact ligament’s 
force vector (Parsons et al., 2015). With respect to internal rotation, the ALL has been 
shown to be an important stabilizer at flexion angles greater than 35°, whereas the ACL 
plays a greater role in controlling internal rotation at flexion angles less than 35° (Parsons 
et al., 2015). In other words, there is an inverse relationship between flexion angle and 
the role the ACL plays in controlling internal rotation. With respect to anterior 
translation, ALL was approaching 0% contribution at all flexion angles, whereas the ACL 
was the primary stabilizer for anterior translation at all flexion angles (Parsons et al., 
2015). This idea is further supported by the ACL’s decreasing contribution to rotational 
stability with increasing knee flexion angles, while the ALL has an increasing 
contribution with increasing knee flexion angles (Tavlo et al., 2015). This suggests that 
an ALL injury may result in rotational instability, but only at higher knee flexion angles 
(Parsons et al., 2015).  
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1.5.2 Pivot Shift 
The pivot shift phenomenon occurs as a result of ACL injury and results in increased 
anterolateral rotatory laxity, with the central pivot of the knee being moved medially as a 
result of ACL deficiency (Dodds et al., 2014; Galway & Macintosh, 1980). It is classified 
as anterior subluxation of the lateral tibial plateau underneath the lateral condyle of the 
femur as the knee approaches extension (Galway & Macintosh, 1980; Monaco et al., 
2012). The clinical pivot shift test is better able to correlate with functional instability and 
the outcomes of a patient compared to other clinical tests, such as the Lachman test, 
because the pivot shift replicates a combination of rotational and translational laxity 
(Monaco et al., 2012). Traditionally it was assumed that this unique form of laxity 
occurred as a result of isolated ACL damage (Galway & Macintosh, 1980); however, 
recent evidence would suggest that the anterolateral capsule/ALL may have a role in 
contributing to this phenomenon. It is well established that following an ACL 
reconstruction, a high percentage of patients (up to 25%) can present with a positive pivot 
shift sign (Sonnery-Cottet et al., 2015; Spencer et al., 2015). Since it was hypothesized 
that the ALL played a role in maintaining anterolateral stability, a number of researchers 
hypothesized that it may also be responsible for preventing the pivot shift (Monaco et al., 
2012; Sonnery-Cottet et al., 2015; Spencer et al., 2015). To test this hypothesis, Sonnery-
Cottet et al., (2015) performed a combined ACL & ALL reconstruction on patients with 
damage to their ACL and anterolateral capsule and presenting with a positive pivot shift 
sign (grades I-III) (Table 1).  
Table 1 Clinical grading of the pivot shift test. (Jakob, Stäubli, & Deland, 1987). 
Injury Grade Anterior displacement of the lateral tibial plateau 
I 12 mm 
II 18 mm 
III 22 mm 
They reported a dramatic reduction in residual pivot shift compared to other 
investigations that only performed an ACL reconstruction, with less than 8% of patients 
presenting with a residual, post-operative pivot shift (grade I). However, pre-operatively, 
41 of 92 patients presented with only a grade I injury, indicating that the ALL may not 
have been damaged. Another study that aimed to determine the relationship between the 
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pivot shift and injuries to the ACL and anterolateral structures found that the pivot shift 
was only present following sectioning of the anterolateral structures (i.e. a secondary 
lesion to the ALL was necessary along with an ACL injury to produce the pivot shift) 
(Monaco et al., 2012). Spencer et al., (2015) found a similar result when simulating an 
early phase pivot shift such that, compared to an ACL deficient knee, the magnitude of 
internal rotation increased significantly following sectioning of the ALL. While the pivot 
shift is a highly subjective clinical test, the ALL could help explain why there is variation 
found with respect to the pivot shift sign during a physical exam after an ACL injury 
occurs; if the ALL is not damaged, it is likely still able to control internal tibial rotation 
and anterior tibial translation, therefore a pivot shift sign may not be present (Taneja et 
al., 2014). The pivot shift sign is an important clinical indicator, as a positive pivot shift 
has been shown to be correlated with negative functional outcomes after ACL 
reconstruction and can affect longer term outcomes (Ayeni, Chahal, Tran, & Sprague, 
2012). 
1.6 Function of the Lateral Meniscus 
1.6.1 Normal Function 
The primary function of the menisci is to allow for load transmission, joint congruency, 
and shock absorption in the knee (Brody et al., 2007; Koenig et al., 2009). The menisci 
also play a role in stability of the knee joint, but for the menisci to function in stability, 
load transmission and shock absorption, they themselves must be stable (Koenig et al., 
2009). Therefore intact meniscal roots are essential for normal meniscal function (Guess, 
Razu, Jahandar, & Stylianou, 2015). The menisci help distribute load across the tibia by 
making the knee joint more congruent which reduces stress on the articular cartilage 
(Andrews, Shrive, & Ronsky, 2011). Without functional menisci, the pressures placed on 
the knee joint can become pathological. For example, during standing, approximately 
55% of the downward pressure experienced by the tibia is dissipated by the stretching of 
the collagen fibers within the meniscus (Brody et al., 2007). This channels the axial force 
and converts it into ‘hoop stress’, or radially directed force, allowing the wear on the 
articular cartilage of the knee joint to be reduced (Brody et al., 2007). For ‘hoop stress’ to 
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be resisted, it is crucial that the meniscal roots are intact and tightly fixated to the tibial 
plateau to prevent meniscal extrusion during axial loading (Brody et al., 2007) 
1.6.2 Function When Damaged 
Tears located within the body of the meniscus are well understood and are easily 
treatable; however a tear to a meniscal root results in a unique pattern of injury that is not 
as well understood (Koenig et al., 2009). In a study conducted on the medial meniscus, a 
posterior root tear resulted in meniscal extrusion, causing the articular cartilage of the 
knee to be exposed to unique pathological loads (Allaire, Muriuki, Gilbertson, & Harner, 
2008) that have been identified as a precursor to the development of osteoarthritis (Jones, 
Houang, Low, & Wood, 2006). Meniscal extrusion is a serious complication of increased 
laxity of the meniscal roots that results in a loss of function of the menisci (Guess et al., 
2015). A complete posterior root tear to the medial meniscus also causes a dramatic 
increase in contact pressure to the articular cartilage that is functionally equivalent to a 
complete menisectomy (Allaire et al., 2008). While the study by Allaire et al., (2008) 
focuses on the posterior root of the medial meniscus and not the posterior root of the 
lateral meniscus, it is likely that similar, results would be seen with tears to the LMPR 
(Shybut et al., 2015). However, more research is needed to determine the biomechanical 
consequences of lateral meniscus root tears (Koenig et al., 2009).  
1.6.3 Functional Relationship with the Anterior Cruciate Ligament 
Similar to the ALL, the menisci act as secondary stabilizers to the ACL, and are 
particularly important when the ACL is injured (Andrews et al., 2011; Shybut et al., 
2015). The LMPR and ACL function together to reduce anterior translation and internal 
rotation. When performing the pivot shift, a knee that was ACL and LMPR deficient had 
significantly greater anterior translation than a knee that was only ACL deficient (Shybut 
et al., 2015). When resection of the lateral meniscus occurs in an ACL deficient knee the 
anterior translation of the lateral compartment increases significantly by 6mm when a 
pivot shift exam is performed (Musahl et al., 2010). A tear to the LMPR causes a 
reduction in knee joint stability by increasing rotational laxity in an ACL deficient knee 
(Bhatia, Laprade, Ellman, & Laprade, 2014) and if a lateral menisectomy is performed, 
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that same knee becomes more unstable during a pivot shift maneuver, further suggesting 
that the lateral meniscus assists the ACL in resisting rotational moments (Musahl et al., 
2010).  
1.7 Injury Patterns 
1.7.1 Anterolateral Ligament and Anterior Cruciate Ligament 
Over the last 20 years it has become evident that there is a relationship between the 
rupturing of the anterolateral structures of the knee and the ACL (Rezansoff et al., 2014; 
Terry et al., 1993; Van Dyck et al., 2016). The mid-third lateral capsular ligament, which 
corresponds to the ALL, is frequently injured during a rupturing event to the ACL 
(Hughston et al., 1976; Sonnery-Cottet et al., 2015) potentially due to their shared injury 
mechanism of internal rotation; a movement that they both work to resist. However the 
study by Hughston et al., (1976) is a descriptive surgical report, and therefore despite 
finding the mid-third lateral capsular ligament (ALL) to be damaged in 100% of the 
knees, this may be due to a bias in only reporting the cases that presented this way. In a 
surgical study that examined 82 patients with acute knee injuries and anterolateral 
rotatory laxity, 98% of knees presented with an ACL tear, and of those, 93% also 
presented with injuries to the capsule-osseous layer of the ITB which corresponds with 
the ALL (Terry et al., 1993). A systematic review article examined the literature that 
exists regarding ACL and ALL injury and found that in most of the literature there is a 
high incidence of ALL lesions (up to 46%) (Van Dyck et al., 2016) in any ACL deficient 
knee, irrespective of whether anterolateral rotatory instability was present or not, 
although severity of lesions was not assessed (Bonasia et al., 2015).  
1.7.2 Lateral Meniscus and Anterior Cruciate Ligament 
While injuries to the lateral meniscus in conjunction with an injury to the ACL are not as 
well documented compared to the injury pattern between the medial meniscus and ACL, 
a clear relationship between lateral meniscus and ACL injuries has been demonstrated 
(Brody et al., 2007; Shelbourne & Gray, 2000). In a retrospective study examining 156 
patients, it was reported that lateral meniscus injuries likely occur simultaneously with an 
ACL injury as opposed to being a chronic injury that transpires over time after the ACL 
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injury has occurred (Gadeyne, Besse, Galand-Desme, Lerat, & Moyen, 2006). 
Concomitant ACL and meniscal injuries usually involve the LMPR (Brody et al., 2007) 
in the form of a radial tear located next to the meniscal root (Bellabarba, Bush-Joseph, & 
Bach, 1997; Binfield, Maffulli, & King, 1993; Bray & Dandy, 1989). Given the function 
of the meniscal roots to anchor the menisci to the tibial plateau, it is no surprise that with 
these sorts of tears, meniscal extrusion is often associated with these concomitant injuries 
because the meniscus is no longer anchored to the tibial plateau (Brody et al., 2007; 
Koenig et al., 2009). 
1.7.3 Anterolateral Ligament and Lateral Meniscus 
While there has not been a definitive study that links injury to both the ALL and the 
lateral meniscus, it has been postulated that this relationship exists. Helito et al., (2013) 
hypothesized that due to the strong connection between the ALL fibers and the lateral 
meniscus, the ALL contributes to the formation of lateral meniscus tears, specifically rim 
detachment tears. Helito et al., (2013) are not alone in their belief and Vincent et al., 
(2012) even proposed an injury mechanism where they suggested that in the case of an 
avulsion of the ALL from its insertion on the tibia, any form of additional tibial 
translation could place tension on the meniscus due to the ALL’s meniscal attachment 
and remaining femoral attachment, and this force may contribute to the rupture of the 
lateral meniscus which is still anchored at its roots (Vincent et al., 2012). Alternatively, 
Shybut et al., (2015) suggests that lateral meniscal injuries may occur first, further 
destabilizing the ACL deficient knee, which may result in damage to the ALL.  
1.7.4 Anterolateral Ligament, Lateral Meniscus and Anterior 
Cruciate Ligament 
To date, there is limited data that describes the concomitant injury pattern between the 
ALL, lateral meniscus and ACL, however two studies exist that have looked at associated 
findings when the anterolateral compartment is injured. Prior to anterolateral ligament 
becoming a standard term, Hughston et al., (1976) identified the capsular ligament as the 
middle third of the lateral ligament structures. In one of the earliest studies, tears to the 
middle third of the lateral ligaments were found in five knees during surgical operations 
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for acute lateral compartment instability, and of those five knees, only one presented with 
an isolated tear to what is now referred to as the ALL (Hughston et al., 1976). 
Furthermore, three of those five injured knees also had a tear in the lateral meniscus, and 
one had an associated tear in the ACL (Hughston et al., 1976). In a follow up study, 20 
knees with chronic lateral compartment instability were examined in surgery and all 
presented with a lesion (scar tissue or excessive laxity) to the middle third of the lateral 
ligaments with tears of the meniscus and/or the ACL identified (Hughston et al., 1976). 
In a more recent study, MRIs of 90 patients with an acute ACL-rupture were examined. 
Of those knees, 46% presented with an ALL injury and when an abnormal ALL was 
present, 61% also had a torn lateral meniscus with 85% occurring at the posterior horn 
(Van Dyck et al., 2016). Of the knees that presented with no injury to the ALL, only 31% 
had a torn lateral meniscus This study shows that ALL injuries are common in patients 
with acute ACL ruptures, and ALL injuries are highly associated (p= 0.008) with lateral 
meniscus injuries (Van Dyck et al., 2016).  
1.7.5 Segond Fracture 
The Segond fracture was first described over 130 years ago and is an avulsion of the tibia 
posterior to Gerdy’s tubercle (Irvine et al., 1987) (Figure 4). Dr. Paul Segond also 
described a band of the fibrous capsule that placed tension in the location of the Segond 
fracture when the knee was placed into forced internal rotation (De Maeseneer et al., 
2014). Since the insertion point of the ALL is consistent with the footprint of the Segond 
fracture, much research has focused on the role of the ALL in Segond fractures, with the 
majority of research hypothesizing that the ALL is responsible for these fractures (Claes 
et al., 2013; De Maeseneer et al., 2014; Helito et al., 2013; M. I. Kennedy et al., 2015; 
Parsons et al., 2015; Porrino et al., 2015; Van der Watt et al., 2015). Some studies have 
looked at the ALL and Segond fracture in isolation (M. I. Kennedy et al., 2015; Porrino et 
al., 2015), while others have looked at the ALL and Segond fracture in combination with 
the ACL (Campos et al., 2001; De Maeseneer et al., 2014; Irvine et al., 1987; Parsons et 
al., 2015). Of the first group of studies, biomechanical data supports the notion that the 
ALL is responsible for the Segond fracture given that the insertion location and tensile 
strength of the ALL were able to produce a Segond fracture in six out of 15 specimens 
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(M. I. Kennedy et al., 2015). When examining the rupture pattern of the ALL in pull-to-
failure testing, a Segond fracture from the tibial attachment was the most common 
mechanism of failure for the ALL (M. I. Kennedy et al., 2015). In an MRI study of 20 
knees with Segond fractures, 19 showed the ALL attaching to the tibial fracture fragment 
(Porrino et al., 2015). In a similar study that broadened the scope of investigation for the 
Segond fracture, De Maeseneer et al., (2014) examined whether the Iliotibial Band was 
also involved. Their results showed that 85% of the fracture fragments had the ITB 
attached to it, and 77% also had the ALL attached to it, with the ALL never attaching in 
isolation without the ITB, indicating that the ITB may also play an important role in the 
genesis of the Segond fracture.  
 
 
 
 
 
 
 
 
 
 
Figure 4 X-ray of a Segond fracture. The white 
arrow indicates the tibia avulsing. (Radiopedia.org, 
Creative Commons Use). 
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For the studies that have examined the Segond fracture in relation to both the ALL and 
ACL, it appears that many papers would consider the Segond fracture to be 
pathognomonic for an ACL rupture, meaning that if a Segond fracture is present, an ACL 
rupture must therefore also be present too (Campos et al., 2001; Irvine et al., 1987; 
Parsons et al., 2015). This logic follows given that the Segond fracture results from a 
combination of internal rotation and a varus moment which is one of the potential injury 
mechanisms for ACL (De Maeseneer et al., 2014; Parsons et al., 2015; Yu & Garrett, 
2007). This was also confirmed in an MRI study in which any knee with a Segond 
fracture also presented with an injury to the ACL (ranging from grade I-III) (Table 2) (De 
Maeseneer et al., 2014). Given that both the ALL and ACL contribute to the anterolateral 
rotational stability of the knee, a Segond fracture is associated with increased instability 
of the knee joint due to the rupturing of the ALL from its insertion point, in an already 
unstable, ACL deficient knee (Campos et al., 2001). 
Table 2 Grading scale used for ACL tears when viewed on MRI. (De Maeseneer et al., 
2014). 
Injury Grade Lesion Indications 
I Continuity of ligament, but edematous changes or fluid surrounding fibers 
II Tear of one of the bundles of the ACL or a wavy contour but with global preservation of continuity 
III Complete interruption of the ACL 
 
1.8 Biomechanics of the Anterolateral Ligament 
1.8.1 Mechanical Properties 
When defining the behavior of a material it is important to quantify its mechanical 
properties. However, little work has been performed specifically on the ALL. The 
mechanical properties that are important to define are: i) ultimate load to failure; the 
maximum force a material can withstand before it fails; ii) ultimate strain; the amount of 
deformation a material undergoes at failure; and iii) stiffness; the resistance a structure 
offers to deformation (Pal, 2014). What is known about the ALL is that its tensile 
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properties are considerably weaker than the primary stabilizers of the knee joint (Zens, 
Feucht, et al., 2015). In a standard load-to failure protocol, the ultimate load of the ALL 
was 49N, in comparison to the ACL, MCL and PCL which can all withstand over 1,000N 
of force before failing (Noyes, Butler, Grood, Zernicke, & Hefzy, 1984; Zens, Feucht, et 
al., 2015). In a different load-to-failure study, the ALL was determined to have an 
ultimate load of 175N (M. I. Kennedy et al., 2015), which is greater than a three-fold 
increase compared to the study by Zens et al., (2015). It has been noted that the ALL has 
an ultimate strain of 0.36, and the failure point occurred at approximately 1/3 of the 
length of the ALL, from the femoral insertion (Zens, Feucht, et al., 2015). The average 
ALL stiffness has been calculated at 20 N/mm (M. I. Kennedy et al., 2015). Given the 
paucity of data and the variability of values between studies, this highlights the lack of 
understanding regarding the mechanical properties of the ALL. 
1.8.2 Translation and Rotation 
As previously stated, the ALL has been hypothesized to control anterolateral stability of 
the knee (Rezansoff et al., 2014), and recent investigations have examined the ALL’s 
contribution to internal rotation and anterior translation. Parsons et al., (2015) determined 
that the ALL is minimally loaded in anterior translation and does not play a significant 
role in preventing anterior translation at any flexion angle. This idea was further 
supported by Spencer et al., (2015) and Saiegh et al., (2015), who also discovered no 
difference in anterior translation when the ALL was sectioned in an ACL deficient knee. 
In contrast, a serial-sectioning study by Tavlo et al., (2015) found that anterior-posterior 
stability decreased, as measured by a maximum, manual pull anteriorly, when the ALL 
was cut in an ACL deficient knee. In another study, it was determined that cutting the 
anterolateral structures of the knee increased anterior translation in an ACL deficient 
knee by 2-4mm, at 30°, 60° and 90° of knee flexion (Monaco et al., 2012). Further 
support for its role in resisting anterior translation is provided by another serial-sectioning 
study that found a small but significant increase in anterior translation of 0.2-1.6mm 
across all knee flexion angles (0-120°) when the ALL was sectioned in an ACL deficient 
knee (Rasmussen et al., 2015). As this is a new area of research for the ALL, it is clear 
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that more studies need to be conducted to be able to conclusively determine whether the 
ALL plays a role in controlling anterior translation. 
Conversely, the literature provides slightly more insight into the ALL’s contribution to 
resisting internal rotation. In one serial-sectioning study, there were no further increases 
in internal rotation when the ALL was cut in an ACL deficient knee (Saiegh et al., 2015). 
However, Saiegh et al., (2015) used whole lower limbs and therefore the Iliotibial band 
remained intact. Since the ITB is an important stabilizer for anterolateral rotation, a 
disrupted ITB could affect rotational stability (Saiegh et al., 2015). However, the majority 
of the literature does not support the results presented by Saiegh et al., (2015). Monaco et 
al., (2012) who utilized intact lower limbs with the ITB undisrupted, concluded that no 
significant rotational laxity was present in an ACL deficient knee; the anterolateral 
structures had to be sectioned to cause a large increase in internal rotation of 5.5° 
(Monaco et al., 2012). Additional biomechanical studies have found positive results and 
concluded that sectioning of the ALL resulted in a significant increase in internal rotation 
of about 2° (Rasmussen et al., 2015; Spencer et al., 2015) in an ACL deficient knee 
(Rasmussen et al., 2015; Spencer et al., 2015; Tavlo et al., 2015). 
1.8.3 Contribution at Different Angles 
In one study that examined the ALL’s role in resisting internal rotation, we see the ALL 
playing a key role at angles >35° with it achieving a maximum estimated contribution 
(calculated by the division of the force vector magnitude by the intact ligament force 
vector magnitude) of 45% at 75° (Parsons et al., 2015). This is supported by research that 
has investigated the change of length in the ALL during flexion and during internal 
rotation at different degrees of knee flexion. Dodds et al., (2014) examined the length of 
the ALL from 0-90° of knee flexion and found that while the ALL slackened at flexion 
angles >60°, it could be tightened and lengthened by applying an internal rotation torque. 
A more recent study corroborated these findings, noting that the ALL significantly 
increased in length with applied internal rotation, and it’s greatest change in length (12%) 
was significantly greater at 90° of knee flexion compared to any other knee flexion angle 
(Zens, Niemeyer, et al., 2015). This work would classify the ALL as a non-isometric 
structure that comes under tension with applied internal rotation and knee flexion (Zens, 
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Niemeyer, et al., 2015). However some discrepancy in the literature does exist such as a 
serial sectioning study that concluded that when the ALL was sectioned in an ACL 
deficient knee, internal rotation only increased significantly at low degrees of knee 
flexion (30°) (Monaco et al., 2012). While in another serial sectioning study, sectioning 
the ALL and ACL resulted in a significant increase of 2.7° of internal rotation compared 
to just sectioning the ACL for all knee flexion angles between 0°-120° (in 15° 
increments) (Rasmussen et al., 2015). However, for that same study, the ACL deficient 
state had a significant increase in internal rotation compared to an intact state at flexion 
angles <45°. This may help corroborate the findings by Parsons et al., (2015) that the 
ACL plays a more dominant role than the ALL in limiting internal rotation at smaller 
degrees of flexion (Rasmussen et al., 2015). The ALL is involved in resisting internal 
rotation when the knee moves into flexion, but the literature is not definitive on how 
much flexion. 
1.9 Biomechanics of the Lateral Meniscus 
1.9.1 Mechanical Properties 
The roots of the menisci are a unique part of the meniscus, and therefore have their own 
unique mechanical properties from the body of the meniscus. When comparing the 
anterior roots to the posterior roots for the lateral meniscus, the anterior root is stronger 
than the posterior root (Hauch, Villegas, & Haut Donahue, 2010). During a pull-to-failure 
test, the anterior root was determined to withstand forces of 652N compared to the 
posterior root which could only withstand forces of 330N (Hauch et al., 2010). The 
anterior root was calculated to have a stiffness of 216N/mm compared to the posterior 
root which was calculated at 130 N/mm (Hauch et al., 2010). When focusing specifically 
on the LMPR, it was noted to exhibit the greatest failure strain, at 0.94, compared to the 
other meniscal roots that ranged from 0.49-0.82 (Abraham, Moyer, Villegas, Odegard, & 
Haut Donahue, 2011). It has also been found that posterior root tears of the menisci are 
more common than anterior root tears (Abraham et al., 2011; Ahn et al., 2009), and this 
may be due to the smaller peak loads that the posterior root can withstand (Hauch et al., 
2010). Despite being composed of identical materials, the difference in mechanical 
properties of the meniscal roots can potentially be explained by the variation in how the 
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collagen and its interwoven fibrils are organized in each of the different meniscal roots 
(Abraham et al., 2011).  
1.10 Clinical Pathology 
1.10.1 The Anterolateral Ligament 
While the biomechanical and functional roles of the ALL have been discussed, the 
clinical effects of damage to the ALL are important considerations for health practitioners 
such as surgeons and physiotherapists. Although this areas has received little attention to 
date, one finding was that lateral compartment instability is unique and perhaps more 
debilitating when compared to medial compartment instability of the knee (Hughston et 
al., 1976). This is because during terminal extension in gait for example, the ligaments of 
the lateral compartment are under a considerably greater amount of tension than the 
ligaments of the medial compartment (Hughston et al., 1976). Thus, this early work 
suggests that damage to the lateral compartment should be addressed through surgical 
means. More recently, the idea of looking at ALL damage with ACL damage has become 
a popular area of research. A study examining ACL reconstructions concluded that a 
surgery completed without any technical flaws may not be capable of restoring normal 
rotational control and a positive pivot-shift may remain in up to 7% of those patients 
(Scheffel, Henninger, & Burks, 2013). This suggests that reconstruction of the intra-
capsular structures such as the ACL, is not always capable of restoring normal rotatory 
control, and the presence of extra-capsular structures such as the ALL may be responsible 
for assisting in the control of rotational laxity (Helito et al., 2013). A systematic review 
was recently conducted that examined whether including a lateral extra-articular 
tenodesis (LET) to ACL reconstruction would improve control of rotational laxity 
(Hewison et al., 2015). LET is a procedure that reduces anterolateral laxity by reinforcing 
the anterolateral joint capsule using part of the ITB (Spencer et al., 2015). This 
systematic review found that there was a significant reduction in pivot shift when the 
combination of ACL reconstruction and LET were performed (Hewison et al., 2015), 
suggesting that intra-articular reconstruction is not capable of restoring normal function 
on its own, and that additionally focusing on the anterolateral capsule is most likely to 
produce positive patient outcomes. 
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1.10.2 The Lateral Meniscus 
Similar to the ALL, the lateral meniscus is a clinically important structure regarding 
injuries to the knee. One study found that the lateral meniscus was responsible for 
providing restraint to anterior tibial translation in an ACL deficient knee experiencing 
rotational forces during a pivoting maneuver often experienced in sports (Musahl et al., 
2010). Given that it plays a role as a secondary stabilizer of the knee, it was suggested 
that it should be repaired and preserved whenever possible (Musahl et al., 2010). In 
another study that looked at the medial meniscus, it was found that resecting part of the 
meniscus (predominantly the posteromedial horn), caused the tibia to rotate externally to 
a significantly greater degree during the stance phase of gait compared to an intact 
meniscus condition (Netravali, Koo, Giori, & Andriacchi, 2011). The suggested reason 
for this is that the loss of meniscal tissue results in less resistance to external rotation 
(Netravali et al., 2011) and it is possible that the same logic could be applied to the lateral 
meniscus with respect to internal rotation increasing after resection of the posterior horn. 
Lastly, James et al. (2014) performed a study that assessed accelerated cartilage 
degeneration and found a connection between root tears and degeneration of the cartilage. 
When repairing the root via suturing, it was found that if it was misaligned by a minimum 
of 3mm, it had the potential to impede normal function for the patient (James et al., 
2014). The evidence would suggest that having healthy, intact menisci and meniscal roots 
is important for overall function of the knee, but it is also crucial to restore the anatomy 
accurately when surgically repairing the knee to prevent disability.  
1.11 Study Purpose 
It has been shown that the ALL inserts onto the lateral meniscus (Helito et al. 2013), and 
that it plays a role in limiting internal rotation (Spencer et al., 2015), but this functional 
relationship between the ALL and lateral meniscus requires further exploration, as well 
as the implications of this connection investigated. The ALL and lateral meniscus were 
evaluated biomechanically to determine the effect the ALL and LMPR have on 
controlling internal rotation. In addition, the different parts of the ALL as they relate to 
the meniscus were studied. 
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1.12 Study Objectives 
1) To determine the role of the ALL and LMPR in controlling internal rotation of the 
knee through biomechanical testing and serial sectioning of the ACL, ALL and 
LMPR. 
2) To explore the supra-meniscal and infra-meniscal parts of the ALL and their 
connection to the meniscus to determine their gross anatomy, histology and 
biomechanical properties.  
1.13 Hypothesis 
1) It is hypothesized that the ALL and lateral meniscus will work synergistically, 
and that a tear to the LMPR will have the same effect on anterolateral laxity as an 
ALL tear in the ACL deficient knee. 
 
2) It is hypothesized that the supra-meniscal part of the ALL will have more tensile 
strength and the connection between the femur and meniscus will be able to 
withstand more load than the connection between the tibia and the meniscus. 
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Chapter 2  
2 Histological Analysis of the Supra- and Infra-meniscal 
Sections of the Anterolateral Ligament  
2.1 Introduction 
This chapter explores the histological composition of the anterolateral ligament, 
specifically comparing the supra-meniscal and infra-meniscal fibers to one another. 
Previous histological analysis has shown that the ALL is composed of dense regular 
connective tissue which is characteristic of ligamentous structures (Caterine et al., 2014; 
Guenther et al., 2015) and primarily consists of Type I collagen (Macchi et al., 2015). 
The ALL is clearly distinguishable from the lateral joint capsule, as the joint capsule 
resembles loose connective tissue (Caterine et al., 2014), and the ALL’s bony insertion is 
distinct, as the femoral insertion of the ALL displays a transition from ligament, to 
mineralized cartilage, to bone that is characteristic of ligamentous tissue (Caterine et al., 
2014). A study that performed immunohistochemistry on the ALL identified a prominent 
network of peripheral nerves, indicating a possible role in proprioception (Caterine et al., 
2014). A histological study that examined the ALL and the lateral meniscus confirmed 
that the ALL adheres to the lateral meniscus without a cleavage plane, and some fibers do 
in fact insert into the meniscus (Vincent et al., 2012). To date however, no study has 
investigated differences of the collagenous arrangement between the supra- and infra-
meniscal fibers of the ALL. Therefore, the purpose of the work described in this chapter 
was to determine if the supra- and infra- meniscal fibers of the ALL differed in their 
microscopic structure and collagen organization. It was hypothesized that the histological 
analysis would reveal no differences in the collagen organization between the supra- and 
infra-meniscal sections of the ALL. While the ALL has been examined as a whole in the 
past, the two sections have never been compared to each other, and this part of the study 
accomplished that. 
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2.2 Materials and Methods 
One fresh-frozen specimen (81 year-old male) was used for histological analysis. Once 
thawed, all skin was removed from the knee and the IT band was identified and reflected 
inferiorly to its point of insertion. With the knee placed in 30°-60° of flexion, a varus and 
internal rotational force was applied to place the ALL fibers under tension. The ALL was 
determined to be any tissue running from the lateral femoral epicondyle to the lateral 
aspect of the tibia, just below the tibial plateau and midway between Gerdy’s tubercle 
and the fibular head. The ALL’s borders were defined and the lateral collateral ligament 
(LCL) was isolated by blunt dissection due to its shared origin at the lateral femoral 
epicondyle. All soft tissue except the ALL and lateral meniscus was removed from the 
knee using both an extra-articular and intra-articular dissection approach to fully isolate 
the ALL from the tissue and joint capsule on the lateral aspect. The popliteal tendon was 
dissected off the inner aspect of the ALL and resected along with the meniscofemoral 
ligament. Lastly, the LCL was sectioned and removed along with any remaining tissue 
posterior to it. The ALL was then resected from its bony attachments using a scalpel, 
along with a section of lateral meniscus that was attached to the ALL. The specimen was 
trimmed down so a small piece of lateral meniscus remained. The specimen was fixed in 
10% formaldehyde and embedded longitudinally in paraffin wax. Using a microtome 
(microm HM-325; GMI Inc., Ramsey, MN) the specimen was sectioned at a thickness of 
5 µm, placed in a warm water bath, transferred onto glass slides and placed in a 40° F 
oven to fix the slides. The slides were then stained with Masson’s Trichrome using 
standard protocol to allow for better visualization of collagen arrangement. Qualitative 
analysis of the tissue was carried out using a Zeiss AxioScope.A1 microscope (Zeiss, 
Toronto, ON) and the images were captured using AxioVision Microscopy Software (LE 
Rel 4.8; Zeiss, Toronto, ON). The meniscus had to be twisted from its perpendicular 
orientation to the ALL during the embedding process, so to landmark where the supra- 
and infra-meniscal fibers were located, the lateral inferior geniculate artery (LIGA) was 
used as a reference point since it travels between the lateral meniscus and the ALL 
(Figure 5). 
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2.3 Results 
The LIGA was identified in the histological section and appears bright pink when stained 
with Masson’s Trichrome (Figure 6a) Throughout the ALL, the collagen was arranged in 
a dense regular organization that is consistent with the arrangement of ligamentous tissue. 
In the longitudinal section, the fibers of the ALL revealed collagen running parallel to 
each other and they exhibited a crimped pattern that is characteristic of dense regular 
connective tissue (Figure 7a&b). Examination of the supra-meniscal fibers (Figure 7a) 
and the infra-meniscal fibers (Figure 7b) show a similar collagenous arrangement, with 
this image of the infra-meniscal fibers being slightly more organized. However, the 
majority of the infra-meniscal fibers examined, exhibited less organization than this 
image. 
 
Figure 5 Image of the lateral inferior geniculate artery 
(LIGA) traveling between the lateral meniscus (LM) and 
anterolateral ligament (ALL) with the meniscofemoral 
portion of the ALL (*) displayed (Claes et al., 2013). 
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Figure 6 a) LIGA shown in longitudinal section. b) LIGA and supra-meniscal fibers 
shown. 
Figure 7 Fibers of the ALL shown in longitudinal section. a) Supra-meniscal fibers of the 
ALL. b) Infra-meniscal fibers of the ALL. 
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2.4 Discussion 
The histological analysis confirmed that the anterolateral ligament is ligamentous in 
nature, and that the supra- and infra- meniscal fibers of the ALL have a similar 
collagenous organization. Although the infra-meniscal fibers appear slightly more 
organized than the supra-meniscal fibers in this image, this may have occurred because 
they were closer to the bony insertion than the supra-meniscal fibers. It should be noted 
that the histological sections did contain some separation artifact as seen in (Figure 7b). 
This was difficult to avoid, as the meniscus was included in the section and its rigidity in 
comparison to the ALL made sectioning difficult.  
In both the supra- and infra-meniscal sections of the ALL, the collagen organization was 
that of dense connective tissue and this supports past histological studies of the ALL 
(Bonasia et al., 2015; Caterine et al., 2014; Helito et al., 2013; Vincent et al., 2012). 
Helito et al., (2013) noted the high degree of organization in the tissue that reflects the 
results we have seen. One study noted that the dense fibrous tissue that composed the 
ALL appeared more abundant in sections obtained superior to the lateral meniscus 
(Vincent et al., 2012) which may additionally help explain some of the separation artifact 
we observed in our infra-meniscal section. Future directions for histological analysis of 
the ALL should focus on cross-sections of the supra- and infra-meniscal fibers as they 
insert into the lateral meniscus. This would allow for a comparison of the supra- and 
infra-meniscal attachment to the meniscus, to determine if they have equivalent 
insertions. Also, it should be attempted to quantify the amount of collagen within the 
supra- and infra-meniscal fibers to give a quantitative value to the organization between 
the two parts of the ligament. 
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Chapter 3  
3 The Contribution of the Anterolateral Ligament and the 
Lateral Meniscus to the Control of Rotational Knee 
Laxity 
This manuscript was co-first authored by Dr. Tim Lording and Gillian Corbo 
Submitted for publication to the American Journal of Sports Medicine 
3.1 Introduction 
Anterior cruciate ligament (ACL) injury results in both translational and rotational laxity. 
It is well understood that ACL reconstruction may fail to fully restore rotational stability 
to the knee (Georgoulis, Ristanis, Chouliaras, Moraiti, & Stergiou, 2007; Ristanis et al., 
2005; Tashman, Collon, Anderson, Kolowich, & Anderst, 2004), and that residual 
rotational laxity is associated with poor patient outcomes (Kocher, 2004; Kocher et al., 
2002). 
Recent interest in the anterolateral ligament (ALL) has refocused attention on the 
secondary restraints to internal rotation and the potential contribution that injury to these 
structures may make to residual instability. In addition to the ACL, the anterolateral 
ligament (Parsons, Gee, Spiekerman, & Cavanagh, 2015), iliotibial band (Gadikota et al., 
2013; Jakob, Hassler, & Staeubli, 1981), lateral meniscus (Musahl et al., 2010), and 
medial meniscotibial ligament (Peltier et al., 2015) all act as restraints to internal rotation 
at the knee. Anatomic and imaging studies of the anterolateral capsule have shown the 
ALL to be a distinct ligamentous structure (Caterine, Litchfield, Johnson, Chronik, & 
Getgood, 2015; Claes et al., 2013; Dodds, Halewood, Gupte, Williams, & Amis, 2014; 
Kennedy et al., 2015; Vincent et al., 2011), with cadaveric biomechanical studies 
demonstrating an increase in anterolateral rotation following sectioning of the ALL in the 
ACL deficient knee (Spencer et al., 2015).  However, the clinical relevance of this 
structure has yet to be fully determined. 
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The lateral meniscus posterior root (LMPR) has also been shown to contribute to 
rotational laxity following an injury to the ACL (Shybut et al., 2015). LMPR tears have 
been shown to be found in 7-12% of patients with ACL injury (Feucht et al., 2014), 
whilst in a cadaveric study, Shybut et al., (2015) demonstrated a significant increase in 
anterior translation during a simulated pivot shift when the LMPR was sectioned in the 
ACL deficient knee. While the role of the LMPR in aiding the control of anterolateral 
laxity seems evident following an ACL injury, less is known regarding the functional 
relationship between the LMPR and the ALL. Anatomical studies of the ALL have 
demonstrated a firm attachment of the ALL to the lateral meniscus (Caterine et al., 2015; 
Claes et al., 2013; Helito et al., 2013; Kennedy et al., 2015; Macchi et al., 2015; Vincent 
et al., 2011), the importance of which remains unknown, but which may indicate a 
functional interdependence of these two structures in the restraint of internal rotation. 
The purpose of this study was to determine the functional relationship between the ALL 
and LMPR in the control of internal rotation throughout the range of flexion. Our 
hypothesis was that division of these structures would have a similar effect on increasing 
internal rotation in the ACL deficient knee. 
3.2 Materials and Methods 
Experimental Setup:  Sixteen fresh-frozen cadaveric specimens were tested (8 males) 
with a mean (SD) age of 79.3 (11.0) years. The approval for the use of this cadaveric 
material was granted by the Committee for Cadaveric Use in Research, Division of 
Clinical Anatomy, Western University in accordance with the Anatomy Act of Ontario, 
Canada (Approval No. 03012013 & 10032014). The cadaveric specimens were thawed at 
room temperature for 24 hours prior to testing. The specimens were sectioned at the mid-
femur and mid-tibia with 5 cm of soft tissue removed from the proximal femur and distal 
tibia to allow for potting of the specimens into sections of PVC via dental cement 
(Denstone dental cement; Hereaus Holdings Group GmbH, Hanau, HE, Germany). The 
femoral end of the specimen was inserted into a custom designed hip joint simulator 
rigidly mounted to a surgical table (Spencer et al., 2015). The tibial end was rigidly 
attached to a six degree-of-freedom load cell (MM3A-500; Advanced Mechanical 
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Technology Inc., Watertown, MA) that provided a measurement accuracy of 5N and 
0.14Nm (Figure 8). 
Two rigid optical tracking smart marker clusters (Optotrak Certus; Northern Digital Inc., 
Waterloo ON) were inserted into the proximal tibia and distal femur using orthopaedic 
bone pins (Figure 8). These markers allowed the tracking of tibial motion with respect to 
the femur during testing, with an accuracy of 0.1 mm. A series of anatomical landmarks 
on the femur and tibia were digitized following testing allowing the creation of bone 
specific coordinate systems.  Three dimensional knee joint kinematics were calculated 
using the joint coordinate system method as described by Grood and Suntay (Grood & 
Suntay, 1983; Spencer et al., 2015) (Figure 8). 
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Figure 8 Experimental setup of the knee within the joint 
simulator including the position of the optical markers. 
Also shown is the orientation of the anatomical coordinate 
system. 
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Sectioning Protocol: Once the specimens were attached to the simulator they were tested 
under the following conditions (Figure 9): i) intact knee (Intact) – all soft tissues 
surrounding the knee joint remained intact; and ii) complete sectioning of the ACL 
(ACL-) through an anteromedial arthrotomy, followed by sectioning of the ACL, and 
then sectioning of either the infra-meniscal portion of the ALL (M+/ALL-) or the LMPR 
(M-/ALL+) which was randomly determined. The ALL was sectioned through an oblique 
anterolateral incision, with anterior retraction of the iliotibial band and preservation of its 
capsule-osseous layer, while the LMPR was sectioned through the previously created 
arthrotomy. Finally, the remaining tissue (either the ALL or LMPR) was sectioned (M-
/ALL-). For each condition, a 5Nm internal rotation moment was applied with each 
motion occurring three times.  Testing was performed between 0° and 90° of knee flexion 
in 15° increments. 
Data Analysis and Statistics: The magnitude of each motion was determined at each of 
the force targets on the load cell, and the mean value across each of the three trials was 
used for all combinations of condition and knee angles.  To determine the effect of the 
intact, ACL-, and M-/ALL- conditions, a one-way ANOVA (three sectionings) was 
Figure 9 Flowchart indicating the sectioning protocol of the knee specimens 
for biomechanical testing. n=16 unless otherwise indicated. 
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conducted. To determine the effect of M-/ALL+ and M+/ALL-, separate one-way 
ANOVAs were conducted within each data set.  Finally, an independent t-test was used 
to determine whether the kinematics were significantly different between M-/ALL+ and 
M+/ALL-. Post-hoc testing was performed with a Bonferonni adjustment and effect sizes 
were calculated as partial eta squared (η2) and interpreted as small (0.01), medium (0.06), 
or large (0.14) (Maher et al., 2013). All statistical analyses were performed separately at 
each knee angle and were performed with SPSS statistical software (v21; IBM Corp, 
Armonk, NY) with alpha set at 0.05. 
3.3 Results 
At 0° of flexion (i.e., full extension), there was a significant effect of tissue sectioning 
(p=0.02; η2=0.15; power=0.75) such that M-/ALL- was significantly greater than ACL- 
(p=0.03) and the Intact (p=0.01) conditions by 1.2° and 2.5° respectively (Table 3, Figure 
10a).  In addition, M+/ALL- (p=0.05) and M-/ALL+ (p=0.04) were significantly greater 
than the Intact knee (Table 3, Figure 10a). A trend towards greater internal rotation with 
LMPR sectioning was observed but this was not statistically significant.   
At 15° and 30° of knee flexion there was no significant effect of sectioning the tissues 
(p=0.15 and p=0.08, respectively) (Table 3, Figure 10b&c). 
As the knee was flexed to 45° there was a significant tissue sectioning effect on internal 
rotation (p<0.01; η2=0.29 (Table 3, Figure 10d).  Here, ACL- (p=0.02), M-/ALL- 
(p=0.01), and M+/ALL- (p<0.01) were significantly greater than the Intact condition by 
an average of 7o. A trend of increasing internal rotation with ALL sectioning and an 
intact LMPR was observed but this was not statistically significant. 
A similar (non-significant; p=0.45) trend was found at 60° such that M+/ALL- resulted in 
6.4° and 7.4° of additional rotation compared to the Intact and ACL- conditions (Table 3, 
Figure 10e). Although not statistically significant, the large effect size (η2=0.15) suggests 
that these are meaningful differences. 
At 75° there was a statistically significant difference (η2=0.24) between the Intact and 
M+/ALL- (p<0.01) and M-/ALL- (p=0.01) conditions. Furthermore, significant 
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differences were observed between ACL- and M+/ALL- (p<0.01), as well as between 
M+/ALL- and M-/ALL- (p=0.01) (Table 3, Figure 10f).  
At 90° of knee flexion there was no significant main effect of sectioning the tissues 
(p>0.05) (Table 3, Figure 10g). 
Table 3 Comparison of the mean (SD) internal rotation (°) between the different tissue 
conditions, across all knee flexion angles. 
 
aSignificantly different from intact (p<0.05) 
bSignificantly different than ACL- (p<0.05) 
cSignificantly different than M-/ALL- (p<0.05) 
	1	
 Condition 
Knee Angle Intact ACL- M-/ALL+ M+/ALL- M-/ALL- 
0° 9.12 
(4.32) 
9.90 
(4.67) 
12.05 
(5.34) a 
9.99 
(5.39) a 
11.42 
(4.77) a,b 
15° 13.63 
(495) 
15.00 
(6.38) 
16.04 
(7.02) 
15.86 
(11.07) 
15.20 
(6.01) 
30° 17.66 
(8.32) 
19.98 
(8.03) 
18.98 
(9.50) 
21.70 
(8.61) 
17.94 
(6.68) 
45° 12.78 
(9.23)  
19.15 
(9.49) a 
17.35 
(7.22) 
23.70 
(7.00) a 
18.80 
(8.27) a 
60° 15.59 
(6.47) 
16.57 
(8.84) 
16.03 
(6.80) 
22.96 
(6.90) 
17.34 
(5.00) 
75° 13.96 
(5.34) 
16.28 
(6.44) 
17.80 
(8.16) 
23.22 
(4.46) a,b,c 
18.05 
(7.31) a 
90° 14.02 
(5.97) 
15.38 
(6.27) 
16.52 
(8.81) 
16.10 
(5.51) 
17.22 
(8.54) 
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Figure 10 Degree of internal rotation at each sectioning condition at a) 0o; b) 15o; c) 30o; d) 
45o; e) 60o; f) 75o; g) 90o of flexion. 
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3.4 Discussion 
The most important finding of this study was that sectioning either the ALL or the LMPR 
resulted in a significant increase in internal rotation in the ACL deficient knee, with 
results suggesting that the contribution of the meniscus and the anterolateral ligament to 
internal rotation of the knee is dependent on flexion angle.  The LMPR appeared to have 
a greater role in controlling internal rotation in extension whilst the ALL was observed to 
exert greater control in higher degrees of flexion.  Subsequent sectioning of the other 
structure was not observed to have an additive effect. Sectioning studies generally show 
an additive effect of dividing various structures that act as restraints to the same 
movement (Amann et al., 2013; Haimes, Wroble, Grood, & Noyes, 1994; Wroble, Grood, 
Cummings, Henderson, & Noyes, 1993). In this study, sectioning the ALL after the 
LMPR, or the LMPR after the ALL did not further increase internal rotation. This 
suggests a functional link between the two structures, possibly related to their anatomical 
attachment and degree of knee flexion. 
Biomechanical studies examining the role of the ALL in knee kinematics have shown 
conflicting results. Monaco examined the effect of cutting the ACL and lateral capsular 
ligament using a navigation system and manually applied forces (Monaco et al., 2011). 
His description of division of the lateral capsular ligament would have involved division 
of the ALL. He demonstrated increased internal rotation at all knee flexion angles in the 
ACL deficient knee following division of the lateral capsular ligament, which was 
significant at 30° with a 5.5° increase in internal rotation. Spencer investigated both 
sectioning and reconstruction of the ALL using navigation and manually applied forces 
(Spencer et al., 2015). Internal rotation in extension increased only 2° after division of the 
ALL in the ACL deficient knee while performing a simulated pivot shift. Lording, in a 
cadaveric experiment using a robotic knee examination device, found division of the 
ALL in the ACL intact knee increased internal rotation at 30° of knee flexion by 2.4° 
(Lording et al., n.d.). Division of the Iliotibial band increased internal rotation by 2.6°, 
and sectioning of both the ALL and Iliotibial band by 3.4°. 
Parsons, using a six-degree-of-freedom robot and a force subtraction model, found the 
ALL to be the primary restraint to internal rotation at knee flexion angles greater than 
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35°, with the ACL providing the greatest restraint closer to extension (Parsons et al., 
2015). The iliotibial band was removed in this experiment. Zens et al., (2015) also 
showed that the ALL increased in length with greater degrees of flexion, suggesting that 
an ALL reconstruction should be tensioned at 90o to avoid over constraint. These studies 
corroborate the findings from this present experiment, showing that the ALL has a greater 
role in controlling internal rotation at higher degrees of flexion.   
In contrast to these studies, Kittl found the ALL played no significant role in internal 
rotational control (Kittl et al., 2016). Using a similar robotic system to Parsons, he 
determined the superficial and deep components of the ITB to be the primary restraints to 
internal rotation from 30-90°, with the ACL having a significant contribution at 0° only. 
Similarly, Saiegh found no significant increase in internal rotation after division of the 
ALL in the ACL deficient knee (Saiegh et al., 2015); however, the capsulosseous layer of 
the ITB was removed in this study. 
Injuries to the meniscal roots have biomechanical consequences similar to total 
meniscectomy (Allaire, Muriuki, Gilbertson, & Harner, 2008; Marzo & Gurske-DePerio, 
2008), and may lead to meniscal extrusion and progressive degenerative change (Brody, 
Lin, Hulstyn, & Tung, 2006; Hein, Deperio, Ehrensberger, & Marzo, 2011; Lerer, 
Umans, Hu, & Jones, 2004). These effects may be somewhat mitigated in the case of the 
lateral meniscus by the presence of intact meniscofemoral ligaments (Bao, Zhu, Gong, & 
Gu, 2012; Forkel et al., 2013; Forkel, Reuter, et al., 2014b; Perez-Blanca et al., 2015). 
Tears involving the posterior root of the lateral meniscus have been reported in up to 12% 
of ACL injured knees (West, Kim, Armfield, & Harner, 2004). Despite a number of 
studies of contact pressures after root injury (Bao et al., 2012; Ode et al., 2012; 
Schillhammer, Werner, Scuderi, & Cannizzaro, 2012), numerous reports of repair 
techniques (Ahn et al., 2009; Petersen & Zantop, 2006) and three described classification 
systems (Ahn et al., 2010; Forkel, Reuter, et al., 2014b; West et al., 2004), there is 
relatively little data regarding the effect of lateral root injuries on knee stability. Musahl 
reported a significant increase in the pivot shift, but not anterior translation, after lateral 
meniscectomy in the ACL deficient knee, suggesting a role for the lateral meniscus in 
internal rotational control (Musahl et al., 2010). Petrigliano reported increased rotational 
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instability after uni- and bi-compartmental meniscectomy, although they did not 
differentiate between which compartment was meniscectomized first (Petrigliano, 
Musahl, Suero, Citak, & Pearle, 2011). These findings are further supported by a recent 
biomechanical study by Shybut et al., (2015). In this cadaveric study using navigation 
and a computer controlled pivot shift simulator, release of the lateral meniscal posterior 
root and the meniscofemoral ligaments significantly increased tibial displacement under a 
rotational load when compared to the ACL deficient knee. Anterior translation was not 
significantly increased. Our findings of increased internal rotation after release of the 
lateral meniscal posterior root are consistent with these studies. 
There is one clinical outcome study of lateral meniscal root tears left untreated at the time 
of ACL reconstruction. Shelbourne reported long term clinical results at a mean follow-
up of 10 years (Shelbourne, Roberson, & Gray, 2011). There was no difference in IKDC 
subjective or objective outcome measures between those with a root tear compared with a 
cohort with no meniscal tear; however there was 1 mm loss of lateral joint space in the 
tear group. Pivot shift results were not reported. 
Biomechanical studies of transosseous repair techniques in lateral root tears generally 
show a reduction in contact pressures to near normal levels compared to the injured state 
(Forkel, Herbort, et al., 2014a; LaPrade et al., 2014; Perez-Blanca et al., 2015), with 
clinical studies showing encouraging results. Anderson reported the mid-term results of 
eight radial root tear suture repairs and 16 posterior horn reattachments through a tibial 
ACL tunnel (Anderson et al., 2010). Twenty-two of 24 repairs functioned successfully, 
with better subjective results in the transosseous repair group. Ahn reported second look 
arthroscopic results for eight patients treated with either side-to-side or transosseous 
techniques, with almost complete healing noted in all cases at a mean of 18 months (Ahn 
et al., 2009). Kenny reported the 20 year outcome of a case of transosseous repair for 
isolated posterior root avulsion (Kenny, 2009). Subjective function was good, articular 
cartilage thickness was maintained and the meniscal appearance was nearly normal on 
magnetic resonance imaging. 
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Clinical studies investigating the relationship between the ALL and the lateral meniscus 
are scarce.  In a recent case series of 90 knees with ACL injury shown on MRI, 46% were 
noted to have an abnormality of the ALL (Van Dyck et al., 2016).  Of those knees with 
an intact ALL, 31% were observed to have a lateral meniscus tear.  In contrast, 61% of 
knees with an ALL injury had a lateral meniscus tear.   
The combined results of these studies question the logic of ALL reconstructions in 
combination with ACL reconstruction to control the pivot shift, a clinical examination 
performed between 0-30o of flexion. The majority of biomechanical studies show that the 
ALL has its greatest role in controlling internal rotation in higher degrees of flexion.  
Based on this information, in combination with the results of our study, we suggest that 
the lateral meniscus should be thought of as part of an anterolateral capsulomeniscal 
complex – the anterolateral corner - involving the anterolateral capsule (ALL), lateral 
meniscus and iliotibial band, that acts as a stabilizer to anterolateral rotational laxity 
throughout the range of flexion in conjunction with the ACL. During ACL 
reconstruction, the posterior roots of both menisci should be inspected carefully to rule 
out concomitant injury. Surgical repair of these lesions may therefore be both 
chondroprotective and improve stability. The addition of ALL reconstruction or lateral 
extra-articular tenodesis requires further investigation in a well-controlled randomized 
clinical trial. 
The limitations of the study include the use of elderly cadavers that are not representative 
of the normal ACL injured population. A hip simulator with manually applied forces with 
optical tracking to assess kinematics was used in this study, which has been shown to 
produce measurement accuracy with similar standard deviations to that of a six degree of 
freedom robot and has been validated for use in a previous study.  However, it is clear 
from the results that whilst there are trends in the data with large effect size, many 
comparisons did not reach statistical significance.  This most likely is an issue of random 
sampling error, with a greater sample size likely to reflect more consistent results and 
subsequently recommendations could be made with greater certainty and translated 
through to clinical practice. 
54 
 
3.5 Conclusion 
Increased internal rotational laxity in the ACL deficient knee may be attributed to injury 
of either the anterolateral ligament or the posterior root of the lateral meniscus, two 
structures of the ‘anterolateral corner’ of the knee. Both structures seemingly work 
synergistically throughout varying degrees of flexion, with the ALL exerting a greater 
control of internal rotation in higher degrees of flexion. The meniscal roots should be 
carefully evaluated at the time of ACL reconstruction, where repair of the posterior root 
of the lateral meniscus may be beneficial both for stability and long-term chondral 
protection. 
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Chapter 4  
4 Tensile Properties of the Supra- and Infra-meniscal 
Fibers of the Anterolateral Ligament 
Submitted for publication to Knee Surgery, Sports Traumatology, Arthroscopy (KSSTA) 
4.1 Introduction 
The anterolateral ligament (ALL) is an extra-articular structure of the knee (Caterine et 
al., 2014; Claes et al., 2013; Helito et al., 2016; M. I. Kennedy et al., 2015; Kosy et al., 
2016) and injury to the ALL has been highly correlated with injury to the anterior 
cruciate ligament (ACL) and the lateral meniscus (Hughston et al., 1976; Van Dyck et al., 
2016).  Recent evidence suggests that the ALL’s anatomic connection to the lateral 
meniscus may be related to the creation of lateral meniscus tears during an ACL injury 
(Helito et al., 2013; Shybut et al., 2015; Vincent et al., 2012). It has been hypothesized 
that the strong connection between the ALL and the lateral meniscus, contributes to the 
formation of tears (Helito et al., 2013), specifically within the horn of the meniscus near 
its root (Van Dyck et al., 2016). Injuries to the lateral meniscus may occur when the ALL 
is avulsed from the tibia (i.e., a Segond fracture) (Segond, 1879). It has been proposed 
that if the ALL avulses, any additional tibial translation could place tension on the 
meniscus as transferred through the ALL’s intact femoral origin, and the force may 
contribute to the rupture of the lateral meniscus still anchored at its roots (Vincent et al., 
2012).  
It has recently been suggested that the ALL can be divided into two sections;  supra-
meniscal fibers that run from the femoral origin to the meniscus, and infra-meniscal 
fibers that extend from the meniscus to the tibial insertion (Helito et al., 2013). Given the 
ALL’s role in controlling rotational laxity (i.e., internal rotation) of the knee (Monaco et 
al., 2012; Parsons et al., 2015; Rasmussen et al., 2015; Sonnery-Cottet et al., 2016; 
Spencer et al., 2015; Tavlo et al., 2015), it is possible that the two ALL sections have 
different biomechanical functions in controlling rotation (Helito et al., 2013). Therefore, 
the ALL-meniscus interaction may have confounded results in past studies that have 
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sectioned only one of the ALL attachments (most commonly the infra-meniscal fibers) 
(Helito et al., 2013).  Although past research has quantified the mechanical properties of 
the ALL as a whole (M. I. Kennedy et al., 2015; Zens, Feucht, et al., 2015), no 
investigation has determined whether the different ALL sections, with respect to their 
attachment to the lateral meniscus, have different biomechanical functions that would 
ultimately affect the contribution the ALL makes to anterolateral stability of the knee. 
Therefore the purpose of this study was to determine if biomechanical differences exist 
between the supra-and infra-meniscal sections of the ALL. 
4.2 Materials and Methods 
Anatomic Dissection:  Ten fresh-frozen cadaveric knee specimens (7 males; mean (SD) 
age of 79 (14) years) were used for testing. The approval for the use of cadaveric material 
was granted by the Committee for Cadaveric Use in Research, Division of Clinical 
Anatomy, Western University in accordance with the Anatomy Act of Ontario, Canada 
(Approval No. 10032014). The specimens were thawed at room temperature for 24 hours 
prior to dissection and testing. Once thawed, the skin was removed from the knee and the 
IT band was identified and reflected inferiorly to its insertion. With the knee placed in 
45° of flexion, a varus and internal rotational moment was applied. This placed the ALL 
fibers under tension and allowed better visualization and identification of the ALL. The 
ALL was defined as any tissue running from the lateral femoral epicondyle to the lateral 
aspect of the tibia, just below the tibial plateau and midway between Gerdy’s tubercle 
and the fibular head (Van der Watt et al., 2015). The borders of the ALL were defined 
and the lateral collateral ligament (LCL) was isolated by blunt dissection due to its shared 
origin at the lateral femoral epicondyle. All of the soft tissues, except the ALL and lateral 
meniscus were removed from the knee using both an extra-articular and intra-articular 
dissection approach to fully isolate the ALL from the tissue and joint capsule on the 
lateral aspect. The popliteal tendon was dissected off the inner aspect of the ALL and 
resected along with the meniscofemoral ligament. Lastly, the LCL was sectioned and 
removed along with any remaining tissue posterior to it.  Using a digital caliper (EZcal 
iGaging; San Clemente CA), mid-substance width and thickness measurements of the 
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ALL were taken superior and inferior to the meniscus in order to calculate cross sectional 
area.  
Biomechanical Testing:  The specimens were randomly assigned to one of two groups: i) 
supra-meniscal; and ii) infra-meniscal. The supra-meniscal group (n=5) was prepared by 
sectioning the bone, leaving only the tibial plateau and the lateral femoral condyle 
(Figure 11). Any fibers running from the meniscus to the tibia were sectioned, leaving 
only the supra-meniscal fibers intact and attached to the lateral meniscus. The infra-
meniscal specimens (n=5) were prepared by sectioning the bone leaving only the tibial 
plateau intact. A lateral section of bone (i.e., where the ALL inserts) was removed using a 
surgical saw (ConMed Linvatec; Utica NY) and care was taken not to damage any part of 
the meniscus (Figure 12).  Therefore the insertion of the ALL was free from the 
remaining tibia where the meniscus was anchored. Any fibers running from the meniscus 
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Figure 11 Sample showing how the bones for the supra-meniscal group 
were prepared, leaving only the lateral femoral condyle and the tibial 
plateau. 
Figure 12 Sample showing how the bones for the infra-meniscal group were 
prepared, leaving only the tibial plateau with a lateral section removed. 
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to the femur were sectioned, leaving only the infra-meniscal fibers intact and attached to 
the lateral meniscus. The bones (tibia and tibial plateau for the infra-meniscal specimens, 
and femur and tibial plateau for the supra-meniscal specimens) were potted into sections 
of PVC via dental cement (Denstone dental cement; Hereaus Holdings Group GmbH, 
Hanau, HE, Germany) such that the remaining portion of ALL was pulling laterally on 
the meniscus (Figure 13). Sections of wire were threaded through the bone and held in 
place with bone cement prior to potting to increase adherence within the PVC sections.  
Figure 13 Experimental set-up displaying how the ALL was 
pulled with reference to the meniscus. 
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The specimens were then rigidly secured within an Instron® materials testing machine 
(Instron® 8874; Norwood MA) (Figure 13) where they were statically preloaded at 20N 
for two minutes. Cyclical pre-loading was performed between 10N and 30N for 10 cycles 
at 1Hz, immediately followed by a pull to failure test at 1mm/s. Prior to testing, a series 
of markers were placed on the ALL and meniscus and were tracked with a custom optical 
tracking system (Basler Pilot GigE Camera; Ahresnburg, Germany and LabVIEW Vision 
Acquisition System; Austin TX, USA).   
The peak force (i.e., the force just prior to ultimate failure) was extracted from the force-
time curve.  In addition, the stiffness of the ALL-meniscus construct was calculated as 
the slope of the linear portion of the force-deformation curve between 30% and 70% of 
the peak force (Burkhart & Andrews, 2010; Duquette & Andrews, 2010). Stress was also 
calculated using peak force values and cross sectional area. The marker displacement 
data was analyzed using ProAnalyst motion analysis software (Xctiex Inc.; Woburn MA) 
resulting in the calculation of strain values for each specimen: i) within the ALL; ii) at the 
meniscal interface (where the ALL meets the rim of the meniscus); and iii) within the 
body of the meniscus. A dot was also placed as close to the roots of the meniscus as 
possible to determine if any displacement was occurring. Finally, the video data allowed 
an analysis of the failure mechanism and the location of the failure. 
Data Analysis and Statistics:  The mechanical properties of each ALL-meniscus 
construct were categorized with the load to failure, stiffness and maximum strain. An 
independent samples (one-tailed) t-test was used to determine if there were statistically 
significant differences in peak load and stiffness between the supra- and infra- meniscal 
constructs. Technical difficulties prevented analysis of all strains in all specimens and 
therefore, only a descriptive analysis of this data will be included. One of the specimens 
in the infra-meniscal group had porous bone that prevented secure potting for testing and 
therefore was removed, resulting in an n=4 for the infra-meniscal group. Effect sizes (η2) 
were calculated with G*power statistical software (v3.1.9.2; Heinrich-Heine-Universitat, 
Dusseldorf, Germany) (Faul, Erdfelder, Lang, & Buchner, 2007), and were interpreted as 
small (0.2), medium (0.5), or large (0.8), as described by Cohen’s d criteria. All statistical 
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analyses were performed with SPSS statistical software (v21; IBM Corp, Armonk, NY) 
and alpha was set at 0.05. 
4.3 Results 
There was a significant difference in the peak force between the supra- and infra-
meniscal attachments such that the infra-meniscal constructs resulted in greater forces 
compared to the supra-meniscal constructs (p=0.028; η2 = 1.58) (Table 4, Figure 14). The 
infra-meniscal construct was also significantly stiffer than the supra-meniscal construct 
(p=0.023; η2 = 1.80) (Table 4, Figure 14).  
Table 4 Comparison of the mean (SD) peak force and stiffness values for the supra- & 
infra-meniscal construct (*p<0.05). 
 
 
 
 
 
 
 
 
 
 
Figure 14 Comparison of the mean (SD) supra- and infra-meniscal 
failure forces (left axis) and stiffness’s (right axis) (*p<0.05). 
 Supra-meniscal Infra-meniscal 
Peak Force (N) 132.11 (45.97)* 197.49 (36.12) 
Stiffness (N/mm) 12.30 (7.12)* 24.84 (6.76) 	
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For the five supra-meniscal specimens, failure of the ALL-meniscal construct occurred 
by three distinct mechanisms: mid-ligamentous tear (n=3), ligamentous tear at the 
femoral origin (n=1) and failure near the meniscal insertion (n=1) (Figure 15). For the 
four infra-meniscal specimens, failure of the ALL-meniscal construct occurred by two 
mechanisms: mid-ligamentous tear (n=3) and avulsion of the bony tibial attachment (i.e., 
Segond fracture) (n=1)  (Figure 16).  
 
Figure 15 Failure mechanisms of the supra-meniscal ALL construct. a) Mid-ligamentous 
tear; b) Ligamentous tear at the femoral origin; c) Failure near the meniscal insertion. 
Figure 16 Failure mechanisms of the infra-meniscal ALL construct. a) 
Mid-ligamentous tear; b) Avulsion of the bony tibial attachment (i.e., 
Segond fracture). 
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The cross sectional area of both the supra- and infra-meniscal fibers was determined to be 
the same at 25.47 mm2 and 25.76 mm2 respectively (Table 5), and the stress for the 
supra- and infra-meniscal constructs was calculated to be 5.2 N/mm2 and 7.7 N/mm2 
respectively. 
Table 5 Comparison of the mean (SD) width, thickness and cross sectional area of the 
supra- & infra-meniscal sections of the ALL. 
The largest peak strains occurred within the ALL, with the supra-meniscal fibers 
straining three times more than the infra-meniscal fibers (1.3 vs. 4, respectively) (Table 
6). The peak strain between the meniscal interface and the body of the meniscus were 
similar between the supra- and infra- meniscal sections and were less than those 
quantified in the ALL (Table 6). The strain within the body of the meniscus was greater 
when loaded through the infra-meniscal fibers (Table 6). The mean (SD) displacement of 
the roots of the lateral meniscus was minimal at 0.08 (0.09) along the y-axis and 0.21 
(0.39) along the x-axis. 
Table 6 Comparison of the mean (SD) peak strain of the supra- & infra-meniscal sections 
experienced by different parts of the ALL-meniscus complex. 
4.4 Discussion 
The most important finding of this study was that the ALL-meniscal construct that 
included the infra-meniscal fibers was significantly stronger and stiffer when compared 
to the supra-meniscal fiber construct and presented with the same cross sectional area. 
 Supra-meniscal Infra-meniscal 
Strain within ALL 1.26 (0.93); n=5 4.09; n=1 
Strain at meniscal interface 0.16 (0.13); n=3 0.18; n=1 
Strain of body of meniscus 0.04 (0.02); n=2 0.37 (0.001); n=2 	
 Supra-meniscal Infra-meniscal 
Mean Width (mm) 9.28 (1.80) 16.47 (2.46) 
Mean Thickness (mm) 2.75 (0.54) 1.56 (0.65) 
Cross Sectional Area (mm2) 25.47 25.76 	
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The roots of the menisci were found to experience little displacement with the majority of 
the strain occurring within the ALL.  
There is little information available regarding the mechanical properties of the ALL with 
no clear consensus recorded. In a standard load-to-failure protocol, the ultimate load that 
the ALL could withstand was 49N (Zens, Feucht, et al., 2015) with a peak strain of 0.36 
and a failure point at approximately 1/3 the length of the ALL, closer to the femoral 
insertion. Conversely, Kennedy et al., (2015) reported a peak load of 175N and an 
average stiffness of 20 N/mm (range of 9-39 N/mm). Although Kennedy et al., (2015) did 
not analyze the separate sections of the ALL, the results in the current investigation 
support their findings as the overall mean peak failure force and stiffness were 132N & 
197N and 12 N/mm & 25 N/mm for the supra- and infra-meniscal constructs 
respectively. The large differences that were seen when compared to Zens et al., (2015) 
most likely occurred because Zens did not pull to complete failure, and therefore may 
have stopped prematurely, whereas Kennedy pulled the specimen until it split in half, 
which was in line with our protocol. 
The significantly stronger infra-meniscal fibers that were found here, may in part explain 
the role of the ligament in Segond fractures (Claes et al., 2013; De Maeseneer et al., 
2014; Helito et al., 2013; Irvine et al., 1987; M. I. Kennedy et al., 2015; Parsons et al., 
2015; Porrino et al., 2015; Van der Watt et al., 2015). The fact that only a single Segond 
fracture occurred in the current study may be a result of the potting procedure that was 
used.  To ensure that the specimen was rigidly secured within the pot it was necessary to 
include cement as close to the ALL-tibia footprint as possible, which may have interfered 
with these fibers, preventing more Segond fractures. The strength of the ALL-meniscus 
interface is further evidenced by the fact that only a single specimen failed at the 
meniscal insertion, suggesting that any damage to the lateral meniscus caused by the ALL 
would most likely occur within the horns rather than the body of the meniscus (Van Dyck 
et al., 2016). Additionally, radial tears of the meniscus, frequently located in the middle 
third of the lateral meniscus, are not uncommon (14% incidence) during arthroscopy 
(Magee, Shapiro, & Williams, 2002). The ALL may be responsible for some of these 
tears, as the strong attachment of the ALL at the meniscal body may apply significant 
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shear through the meniscus during the anterior subluxation of the knee, with the posterior 
root being held posteriorly by the femoral condyle. In addition, the finding presented here 
showed minimal root displacement in a pull-to-failure protocol; given that very little 
displacement occurred at the roots, it is likely that the roots of the menisci exhibit very 
little strain in comparison to the ALL-meniscus construct, and are therefore more likely 
to be the source of a meniscal tear. A biomechanical study examining the hyperelastic 
properties of the meniscal roots reported peak strains for all four roots ranging from 0.49 
- 0.94 (Abraham et al., 2011). While some of these strain values are starting to approach 
the strain values observed in the current study for the body of the meniscus, Abraham’s 
study harvested the meniscal roots and did a pull-to-failure protocol just on sections of 
the meniscal roots. It is possible that when the meniscal roots remain in an anatomic 
setting, the majority of the strain is experienced in the body of the meniscus, which 
would explain the limited displacement the roots of this study exhibited. The authors 
acknowledge that only inferences can be made regarding the strain that occurred at the 
meniscal roots since only displacement, and not strain could be calculated. 
Van Dyck et al., (2016), was one of the first to indicate where damage to the ALL was 
occurring in imaging studies. He noted that 71% of lesions were located in the distal 
component of the ALL (the component of the ALL inferior to the meniscus) (Van Dyck 
et al., 2016). Although this appears to contradict the findings of a stronger infra-meniscal 
ALL, it may be that the supra-meniscal fibers do not experience as much load, therefore, 
the fibers would not tear, whereas the infra-meniscal fibers may experience more force, 
and are thus more likely to tear. This may be due to the fact that during a rupturing event 
of the ACL, the knee collapses into valgus load and flexion, causing the lateral meniscus 
to move posteriorly off the tibial plateau as it subluxes anterolaterally, causing the infra-
meniscal fibers to be placed under tension. Therefore, when the knee moves into valgus 
and flexion during a non-rupturing event, the infra-meniscal fibers are still loaded more 
than the supra-meniscal fibers and therefore may adapt to become stronger. 
The tensile properties of the ALL and the strong connection at the meniscal interface 
found in this study, combined with the available research, contributes to the suggestion 
that the lateral meniscus and ALL, along with the ITB, can be thought of in terms of an 
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anterolateral capsulomeniscal complex – the anterolateral corner. As such, reconstruction 
of one or a mixture of these structures in combination with the ACL reconstruction may 
help restore anterolateral rotational laxity control and warrants further investigation. 
As is common with biomechanical studies of this nature, the cadaveric specimens used in 
the current investigation would be considered elderly and thus the limitations associated 
with them would be present. Furthermore, although this study used a relatively small 
sample size the large effect sizes suggest that the findings are still meaningful and 
clinically significant. While effort was made to place the markers for strain analysis at 
standardized locations, it was often difficult to locate the transition between the meniscus 
and ALL and therefore, the data presented here are approximations of this strain. Finally, 
the testing set-up resulted in the ALL being loaded in a non-physiological way, however   
this was the only way to ensure the infra- and supra-meniscal were being loaded in a 
similar manner allowing for a direct comparison.  
4.5 Conclusion 
The results of this study indicate that the ALL-meniscal construct that includes the infra-
meniscal fibers is significantly stronger and stiffer than the construct that includes the 
supra-meniscal fibers.  When examining the ALL-meniscus complex, the majority of the 
strain experienced in a pull-to-failure test occurs within the ALL and not the meniscus.  
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5 Overall Discussion and Conclusions 
5.1 Overall Discussion 
The purpose of this thesis was to determine the relationship between the ALL and the 
lateral meniscus and how they interact with each other. I aimed to determine the role that 
the ALL and LMPR exerted in controlling internal rotation in an ACL deficient knee, as 
well as how the supra- and infra- meniscal parts of the ALL and their attachment to the 
lateral meniscus differed in their biomechanical properties. Given that sectioning studies 
examining the ALL only section the infra-meniscal fibers, it was important to determine 
the biomechanical properties of the parts of the ALL to determine if sectioning only one 
part could be affecting the biomechanical testing of the ALL as a whole. Overall the 
following hypotheses were tested: 
Hypothesis 1: It is hypothesized that the ALL and lateral meniscus will work 
synergistically, and that a tear to the LMPR will have the same effect on anterolateral 
laxity and an ALL tear in the ACL deficient knee 
Result 1: I failed to reject hypothesis 1, in that sectioning either the ALL or the LMPR 
resulted in a significant increase in internal rotation in the ACL deficient knee. The ALL 
did however appear to exert greater control in limiting internal rotation at higher degrees 
of flexion, while the LMPR exerted greater control in extension.  
Hypothesis 2: It is hypothesized that the supra-meniscal part of the ALL will have more 
tensile strength and the connection between the femur and meniscus will be able to 
withstand more load than the connection between the tibia and the meniscus. 
Result 2: I rejected hypothesis 2 because it was found that the meniscal construct with 
the infra-meniscal fibers was both stronger and stiffer than its supra-meniscal counterpart.  
The results of these studies indicate that there is both an anatomical and functional link 
between the ALL and lateral meniscus. The study presented in Chapter 3 demonstrated a 
functional link between the ALL and the LMPR, as internal rotation did not increase 
when the alternate structure was sectioned. This postulation is based upon the anatomic 
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connection of the ALL to the rim of the meniscus, and how that may translate into a 
functional connection between the ALL and LMPR. The study presented in Chapter 4 
demonstrated that a strong connection exists between the two structures, as the ALL-
meniscal construct only ruptured at the interface between the structures in one out of nine 
cases. The strain occurring at the meniscal interface was also minimal, indicating a strong 
connection between the structures. The result of the infra-meniscal fibers having more 
tensile strength than the supra-meniscal fibers suggests that future biomechanical 
sectioning studies of the ALL as a whole should section the ALL superior and inferior to 
the meniscus. This will ensure that the difference in tensile properties between the two 
parts of the ALL does not confound biomechanical results. 
The histological analysis of the ALL was performed to determine if the biomechanical 
differences observed between the supra- and infra-meniscal fibers of the ALL could be 
attributed to a difference in collagen organization. However, the results of the analysis 
indicated that similarities in the collagen organization exist between the supra- and infra-
meniscal fibers, therefore the microscopic composition of the ALL likely cannot account 
for the differences in peak force that was observed. Additionally, cross sectional area was 
also calculated to determine if the stronger infra-meniscal fibers could be a result of a 
larger area of tissue and therefore more collagen fibers. However, both the supra- and 
infra-meniscal fibers presented with the same cross sectional area, and therefore the stress 
in the infra-meniscal construct was also greater than that experienced by the supra-
meniscal construct. Therefore, cross sectional area cannot account for the observed 
disparity in peak force. The difference in peak force may be due to the fact that the ALL-
meniscal construct was used as opposed to sections that consisted of ALL fibers only. 
The ALL-meniscal interface and the connection that exists between these two structures 
may differ and may affect the results of the biomechanical testing in a way that is 
unknown at this time. 
The anatomic dissection of the ALL indicated that it originated posterior and proximal to 
the LCL origin, with fibers of both the ALL and LCL blending to create a common origin 
point which is supported by previous studies (Caterine et al., 2014; M. I. Kennedy et al., 
2015; Kosy et al., 2016; Runer et al., 2015). Past research has also noted that the popliteal 
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tendon is in close relationship to the lateral meniscus and ALL (Brody et al., 2007; 
Vincent et al., 2012); however during anatomic dissection it was found that the popliteal 
tendon was tightly adhered to the ALL and a scalpel was required to resect the popliteal 
tendon from the deep fibers of the ALL. Overall, 14 knees were dissected for 
examination of the ALL, and 12 were found to have an ALL present. This prevalence, 
(86%), is in accordance with Dodds et al., (2014) who reported that approximately 83% 
of knees had an ALL. However, it is important to note that the two knees that did not 
present with an ALL were a matched pair from the same cadaveric donor, and may be 
artificially decreasing the prevalence of the ALL. If one of paired knees is removed, the 
prevalence increases to 93%, which is more in line with the majority of the anatomic 
studies that report a 97%-100% prevalence and use unpaired knees (Campos et al., 2001; 
Caterine et al., 2014; Claes et al., 2013; Helito et al., 2013; Helito, et al., 2014; Patella et 
al., 2002; Terry et al., 1993; Vincent et al., 2012). This finding may also suggest that 
even in rare cases when a patient does not present with an ALL, symmetry can be 
expected and there seems to be no effect of laterality for the ALL. Lastly, the study by De 
Maeseneer et al., (2014) that found the ITB to be attached to every Segond fracture 
fragment that the ALL was attached to, differs from the results in Chapter 4. The pull-to-
failure of the infra-meniscal fibers of the ALL resulted in one Segond fracture and this 
supports past literature indicating that the ITB is not essential for causing a Segond 
fracture, and the ALL is in fact capable of causing one in isolation (Claes et al., 2013; 
Helito et al., 2013; M. I. Kennedy et al., 2015; Parsons et al., 2015; Porrino et al., 2015; 
Van der Watt et al., 2015) 
5.2 Future Directions 
Future studies should continue to investigate the effect of the ALL and the LMPR in 
controlling both internal rotation and anterior translation, however this should be 
performed with a robotic knee examination device to ensure standardization of testing, 
and minimize human error during the application of forces. Additionally, serial 
sectioning of the ALL should be carried out in an ACL deficient knee, with sectioning of 
both the supra- and infra-meniscal fibers to determine if they have a different role in 
controlling internal rotation. In addition, the effect of sectioning the ALL and LMPR 
82 
 
should be investigated in an ACL intact knee. The study presented in Chapter 4 examines 
the ALL-meniscal construct as a whole, and the meniscal and bone interactions could be 
influencing the results observed. It would be beneficial to section the supra- and infra- 
meniscal fibers from their attachments and perform tensile testing on sections of ALL 
tissue only to determine if the infra-meniscal fibers are stronger, or if the observed 
difference is a result of a complex interaction between the ALL and meniscus. Related to 
that, cross-sections of the supra- and infra-meniscal fiber insertions into the lateral 
meniscus should be examined to determine if they are equivalent. 
5.3 Conclusions 
As a result of these investigations, the ALL and LMPR have been discovered to play a 
synergistic role in controlling internal rotational laxity, with the ALL exerting a greater 
control of internal rotation in higher degrees of flexion. These findings highlight the 
importance of carefully inspecting the meniscal roots and the ALL at the time of ACL 
reconstruction or in the presence of increased anterolateral instability. The fibers of the 
ALL have also been determined to have unique mechanical properties, and the infra-
meniscal fibers and their attachment to the lateral meniscus offer more tensile strength 
and were calculated to be stiffer than their supra-meniscal counterparts. 
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